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Brassinosteroids (BRs) and Gibberellins (GAs) are two principal 
groups of growth-promoting phytohormones. Accumulating 
evidence supports that there are crosstalks between BR and GA 
signaling pathways. However, a molecular mechanism for direct 
signaling crosstalk between BRs and GAs was not revealed until 
recently. Works from three different groups demonstrated 
that an interaction between BZR1/BES1 and DELLAs, two 
groups of key transcriptional regulators from the BR and GA 
signaling pathways, respectively, mediates the direct signaling 
crosstalk between BRs and GAs in controlling cell elongation 
in Arabidopsis. It was shown that DELLA proteins not only 
affect the protein stability but also inhibit the transcriptional 
activity of BZR1. Thus, GAs promote cell elongation, at least 
in part, through releasing DELLA-mediated inhibition of BZR1. 
This review aims to introduce these recent advances in our 
understanding of how BRs and GAs coordinate to regulate 
plant growth and development at the molecular level. 



Introduction 

As sessile organisms, plants need to constantly adapt their growth 
and development to the changing environment through integrat- 
ing intrinsic hormonal signals and extrinsic environmental cues. 
To date, at least eight classes of phytohormones have been identi- 
fied and characterized in plants, which include auxins, gibberellins 
(GAs), abscisic acids (ABAs), cytokinins (CKs), ethylene, brassi- 
nosteroids (BRs), jasmonates (JAs) and strigolactones. 1 Among 
them, BRs and GAs are two major classes of growth-promoting 
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hormones. BRs, a group of plant-specific polyhydroxylated steroi- 
dal hormones that were first discovered in the 1970s, regulate a 
wide range of growth and developmental processes, including cell 
elongation, seed germination, stomata formation, vascular differ- 
entiation, plant architecture, flowering, male fertility and senes- 
cence. 2,3 In particular, plants with blocked BR biosynthesis or 
signaling show a typical dwarf phenotype, providing unambigu- 
ous evidence that BRs are essential for normal plant growth and 
development. GAs, a family of well-known tetracyclic diterpenoid 
phytohormones, play multiple functions in plant growth and 
development, including seed germination, stem and hypocotyl 
elongation, leaf and hypocotyl expansion, pollen maturation and 
flowering. 4 " 6 The GA deficient or insensitive mutants also display 
dwarfism, indicating the pivotal roles of GAs in controlling cell 
elongation and regulation of plant growth. Despite these impor- 
tant and overlapping functions of BRs and GAs, how they coordi- 
nate to regulate plant growth and development and whether there 
is a direct crosstalk between their signaling pathways have been 
the questions of debate and vigorous study. Recently, with the 
identification and characterization of the core components in both 
BR and GA signaling pathways, significant progresses have been 
made in the understanding of BR and GA action and signaling 
mechanisms. These progresses have enabled us to study the sig- 
naling crosstalk between these two hormones. For example, three 
recent studies from three different laboratories demonstrated that 
BR and GA signaling pathways integrate at the transcriptional 
level, which is mediated by a direct interaction between the tran- 
scription factors BZR1, BES1 and DELLA proteins. 7 '' 

The Signaling Pathway of BRs 

Over the past more than one decade, intensive molecular, 
genetic and biochemical studies, particularly in the model plant 
Arabidopsis thaliana, have led to the identification of key BR 
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signaling components and the establishment of a nearly com- 
plete signal transduction pathway (Fig. 1). BRs are perceived 
by the plasma-membrane localized BR receptor Brassinosteroid- 
Insensitive 1 (BRI1), a leucine-rich-repeat containing receptor- 
like kinase (LRR-RLK). 10 The binding of BRs activates the 
intracellular kinase domain of BRI1 and promotes its associa- 
tion with another LRR-RLK kinase BRIl-Associated Receptor 
Kinase 1 (BAK1), which enhances BRIl's kinase activity and 
BR signaling." 13 The binding of BRs to BRI1 also leads to the 
disassociation of BRI1 from an inhibitory protein BRI1 Kinase 
Inhibitor 1 (BKI1), which binds the C-terminal tail of BRI1 to 
prevent BAK1 binding and thus inhibit BR signaling when BR 
signal is absent. 1113 " 15 The activated BRI1 then triggers a series of 
phosphorylation events, including phosphorylation and activation 
of two downstream BR-signaling kinases BR-Signaling Kinase 1 
(BSK1) and Constitutive Differential Growth 1 (CDG1), which 
in turn phosphorylate and activate BRIl-Suppressor 1 (BSU1), a 
Ser/Thr phosphatase. 16,17 The activated BSU1 then dephosphory- 
lates and inactivates Brassinosteroid-Insensitive 2 (BIN2), a key 
negative regulator of BR signaling. 18 BIN2 is a cytoplasmic GSK3- 
like protein kinase and inhibits BR signaling by phosphorylating 
and inactivating BZR1 and BES1, two transcription factors that 
positively regulate BR signaling. 11,19,20 BIN2 was found to bind to a 
12-amino acid docking site in the C-terminus of BZR1 and BES1 
and phosphorylate them through multiple GSK3-like phosphory- 
lation sites. 21,22 The phosphorylated BZR1 and BES1 are likely 
to be retained in the cytoplasm by the 14-3-3 phosphopeptide- 
binding proteins and degraded by the 26S-proteasome or disabled 
in their DNA binding activity. 19,23 " 25 In the presence of BR signal, 
BZR1 and BES1 are dephosphorylated and activated by protein 
phosphatase 2 A (PP2A), 26 leading to its nuclear translocation and 
binding to their target genes through the BR-response element 
(BRRE) and/or E-box sequences. 27 " 30 

The Signaling Pathway of GAs 

In recent years, considerable progress has been made in the study 
of molecular mechanisms of GA signaling in plants as well (Fig. 
2). 4,5,31 GAs are perceived by the GA receptor GIBBERELLIN 
INSENSITIVE DWARF 1 (GID1) and upon GA binding, the 
receptor undergoes conformation changes that favor the binding 
of DELLA proteins, a group of nuclear transcriptional regula- 
tors that repress GA signaling and plant growth. 4,31 " 34 The for- 
mation of GA-GID-DELLA complex induces the association 
of DELLAs with the SLEEPY1 (SLY1)/GID2 F-box protein, a 
SCF-type E3 ubiquitin ligase component that recruits DELLA 
proteins for ubiquitination and degradation by the 26S protea- 
some. 35,36 Therefore, it is believed that GAs promote plant growth 
by means of removing the inhibitory DELLA proteins. Different 
from rice, which contains only one DELLA protein, SLENDER1 
(SLR1), 37 the Arabidopsis genome encodes five DELLLA mem- 
bers, namely REPRESSOR OF GA1-3 (RGA), GIBBERELLIC 
ACID INSENSITIVE (GAI), RGA-like 1 (RGL1), RGL2 and 
RGL3, which accumulate when GA levels are low and directly 
inactivate a number of growth-promoting transcription factors, 
such as the bHLH-like phytochrome-interacting factors (PIFs). 5 



Evidence of BR and GA Interaction from Early 
Studies 

The study of BR and GA interaction has received enormous 
attention from plant biologists because these hormones are not 
only principle regulators of plant growth but also share several 
other overlapping functions, including promotion of seed germi- 
nation and flowering. 38 Although a direct crosstalk between BR 
and GA signaling pathways was not revealed until recently, indi- 
rect evidence for their signaling crosstalk can be seen from some 
early studies concerning BR and GA interaction in processes 
including cell elongation, seed germination, flowering, hormone 
biosynthesis and gene expression, etc. 

Cell Elongation 

Physiological studies from early days favored the view that GAs 
and BRs act additively or independently on cell elongation. For 
example, Gregory and Mandava 39 and Katsumi 40 found that 
when mung bean epicotyl and cucumber hypocotyl were sequen- 
tially treated with BRs and GAs, no synergistic enhancement of 
cell elongation can be observed. The independent effects of BRs 
and GAs were also reported in Arabidopsis for their stimulating 
effects on root growth. 41 However, in 2003, synergistic effects 
of GAs and BRs were reported by Tanaka et al. 42 in Arabidopsis 
in regulating cell elongation. They showed that the relationship 
between BRs and GAs was actually concentration-dependent. 
When more than 10" 8 M of brassinolide (BL) and of GA 3 were 
administrated to Arabidopsis seedlings, they act synergistically on 
elongation of light-grown hypocotyls; however, at lower concen- 
trations, they act additively. This is the first evidence demonstrat- 
ing the synergistic relationship between BRs and GAs and also 
the first study clarifying the dose-dependence of these hormones 
for their additive and synergistic effects. 

Seed Germination 

Although many studies have observed the promoting effects of 
both GAs and BRs on seed germination, whether they regulate 
this process coordinately or independently has been elusive. The 
results of Leubner-Metzger 43 suggest that BRs and GAs promote 
the germination of tobacco seeds through distinct pathways as 
the photodormancy of dark-imbibed seeds can be released by 
GA treatment but not by BR treatment. However, Steber and 
McCourt 44 found that BRs could partially rescue the germination 
of GA deficient and insensitive mutants in Arabidopsis, suggesting 
the possibility of GA and BR interaction in controlling seed ger- 
mination by modulating one another's biosynthesis or response. 
In support of this assumption, factors that mediate BR-GA inter- 
action during seed germination have been characterized. These 
include the Arabidopsis GPA1 and GCR1 proteins. GPA1 is a 
subunit of the heterotrimeric G protein and the seeds of the gpal 
mutant that carries a null mutation in the GPA1 gene have much 
reduced responsiveness to GAs but are completely insensitive to 
BR rescue of germination when the level of GAs in seed is reduced, 
suggesting that GPA1 couples BRs to potentiate GA-stimulated 
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seed germination. 45 GCR1 is a putative G 
protein-coupled cell surface receptor with 
the predicted seven-transmembrane (7TM) 
structure. 46 Similar to gpal, the gcrl mutant 
seeds are also less sensitive to GAs and BRs 
in promoting seed germination, 46 and when 
GCR1 is overexpressed, there is a loss of 
seed dormancy, 46,47 suggesting that GCR1 
may be a potential interaction node in GA- 
and BR-regulated seed germination. 

Flowering 

GAs are major factors that promote flow- 
ering in Arabidopsis 48,4 '' and BRs were also 
found to play a positive role in controlling 
flowering time. 50,51 As a consequence, the 
GA deficient gal mutant and BR deficient 
cpd mutant are delayed in flowering. 52,53 
Domagalska et al. 54 later showed that the 
double cpd gal mutant was further delayed 
in flowering than the single cpd mutant 
and that the double 35S::DWF41 35S::GA5 
transgenic line expressing both the BR bio- 
synthetic gene DWF4 and GA biosynthetic 
gene GAS flowered significantly earlier than 
the single 35S:: GA5 line, implying that BRs 
role in promoting flowering depends on the 
presence and concentration of GAs. This 
study supports that GA and BR pathways 
genetically interact to control the flowering 
time of Arabidopsis. 

Hormone Biosynthesis 

BRs and GAs also regulate each other's 
biosynthesis. The BR regulation of GA bio- 
synthesis has been consistently reported in 
plants including tomato, 55 pea 56 and sun- 
flower 57 and the results generally suggest a 
negative role of BRs in regulating GA bio- 
synthesis. For GA regulation of BR biosynthesis, the evidence 
mainly came from studies in rice. SPINDLY (SPY), an O-linked 
N-acetylglucosamine transferase, is a negative regulator of GA 
signaling. 58 The SPY knockdown rice (spy) not only has increased 
lamina joint bending, a brassinosteroid-related phenotype, but 
also has increased levels of BRs, suggesting that OsSPY may play 
roles in both GA signaling and BR biosynthetic pathways. 58 In 
addition to OsSPY, OsGSRl, a CAST (GA-stimulated tran- 
script) gene-encoded protein in rice, was shown to activate 
BR biosynthesis by directly interacting with a BR biosynthetic 
enzyme DIM/DWF1. 59 In Arabidopsis, our recent study' showed 
that the expression of GA20ox2 and GA3ox\, two rate-limiting 
GA biosynthetic genes, was significantly increased by BR treat- 
ment and the bzrl-lD mutation. Also, the expression of CPD and 
DWF4, two key BR biosynthetic genes, was increased in the gai 
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Figure 1. A current model for brassinosteroid (BR) signaling in Arabidopsis. BRs are perceived by 
the extracellular domain of the BR receptor BRI1. BR binding activates BRI1 through homodimer- 
ization and heterodimerization with its partner BAK1 and releasing it from its inhibitory protein 
BKI1 . The activated BRI1 then sequentially phosphorylates and activates two downstream 
kinases BSK1 and CDG1 and a Ser/Thr phosphatase BSU1 that will inactivate the BIN2 kinase, a 
negative regulator of BR signaling. BR signal also activates PP2A, a phosphatase that phosphory- 
lates and activates the transcription factors BZR1 and BES1 . The dephosphorylated BZR1 and 
BES1 will bind the BRRE or E-box motif of their target genes and regulate their expression. When 
BR signal is absent, BRI1 is bound by BKI1 and cannot interact with BAK1. BIN2 is also in its active 
form that will phosphorylate and inactivate BZR1 and BESl.The phosphorylated BZR1 and BES1 
are retained in the cytoplasm by 14-3-3 proteins and can be degraded by the 26S proteasome. 



mutant although they were not affected by GA treatment. These 
results indicate that BRs and GAs can modulate each other's bio- 
synthesis and this modulation is mediated by pathways involving 
BZR1 and DELLA proteins. 

Regulation of the Expression of BR and GA 
Signaling Genes 

A recent study reported that BRs and GAs acted antagonis- 
tically in the root immunity of rice. 60 It was shown that the 
pathogen Pythium graminicola exploits BRs as virulence fac- 
tors and hijacks the rice BR machinery to inflict disease, which 
challenges the prevailing view that BRs positively regulate 
plant innate immunity. 61,62 Moreover, this immunosuppres- 
sive effect of BRs was demonstrated, at least in part, due to 
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Figure 2. A model for gibberellin (GA) signaling in Arabidopsis. In the absence of GAs, DELLA proteins accumulate in cell nucleus and inhibit GA re- 
sponses. In the presence of GA signal, the GA receptor GID1 binds the hormone and undergoes a conformational change suitable for DELLAs binding. 
The resulting GA-GID1 -DELLA complex triggers degradation of DELLAs via the 26S proteasome pathway, resulting in release of DELLA-repressed plant 
growth. 



an antagonistic crosstalk with GAs by enhancing the stabil- 
ity of OsSLRl, the only DELLA protein in rice that functions 
as a key negative regulator in the resistance to P. graminicola. 
Vleesschauwer et al. 60 also found that both pathogen infection 
and exogenous BR treatment could increase the expression of 
OsSLRl. These data suggest that BRs may attenuate the GAs- 
induced defense responses in rice through interference with GA 
signaling. 60 In contrast to the positive role of BRs in stabilizing 
DELLA protein in rice, BRs were found to reduce the expres- 
sion of four DELLA genes in cotton (Gossypium hirsutum) fiber 
cells, including GhGAIl, which is engaged in fiber cell initia- 
tion. 63 In a chromatin immunoprecipitation (ChIP) study in 
Arabidopsis, four of the five DELLA-encoding genes {RGA, GAI, 
RGL1 and RGL3) were identified as direct targets of BZR1, the 
transcription factor in the BR pathway, suggesting that BRs may 
modulate GA responses by directly controlling the expression of 
DELLA-encoding genes. 29 However, in a recent study 9 we dem- 
onstrated by qualitative real-time PCR (qRT-PCR) analysis 9 
that the expression of these DELLA genes was not affected by 
either BR treatment or by the bzrl-lD mutation that enhances 
BR signaling, suggesting that BZR1 and DELLAs coordinate 
the interaction between BRs and GAs in controlling cell elonga- 
tion primarily through protein-protein interaction rather than 
through BZR1 regulation of DELLA gene expression. Whether 
BRs regulate DELLA gene expression during other biological 
processes remains an open question to answer. 



Common Target Genes 

GA and BR pathways also interact at the level of gene expres- 
sion. Previous studies have shown that BRs and GAs co-regulate 
the expression of a number of growth and development related 
genes either antagonistically or consistently, including y-TLP, 64 
MERL-5, 6i GASA1 and GA5 66 in Arabidopsis. The application of 
high throughput microarray approaches identified more com- 
mon target genes of both pathways. For instance, the analysis 
of -4,000 expressed sequence tags (ESTs) in rice treated with 
GA and BR revealed some specific genes coordinately regu- 
lated by both hormones. 67 In Arabidopsis, an early comparative 
genome expression analysis of BR- and GA-responsive genes 
has identified co-regulated genes by BRs and GAs, although 
the number was rather small. 68 Recently, by comparing the 
microarray data sets from BR-insensitive mutant bril-116 and 
GA-deficient mutant gal-3, Bai et al. 7 found that GAs and BRs 
co-regulate a large number of common genes. Of the 1,194 
genes affected by gal-3, 419 genes (35%) were also affected 
in the bril-116 mutant. In addition, our comparison of RGA- 
regulated genes from a published microarray data set 69 and the 
published BZR1 target genes 29 also revealed that up to 30% of 
the RGA-responsive genes are also direct targets of BZR1. 9 All 
these results suggest that BRs and GAs may control a common 
transcriptional module and this is likely mediated by the BZR1 
and DELLA proteins. 
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Figure 3. A hypothetical model of transcription network in plants centered by DELLAs and BZR1/BES1 . DELLAs interact with many different transcrip- 
tion factors, including BZR1, BES1, PIFs, MYC2, JAZs, ALC, SCL3 and EIN3/EIL1, to regulate specific developmental processes. BZR1 and BES1 regulate 
plant growth and development by directly binding to their target genes or interacting with other transcription regulators such as 14-3-3s, BIM1, 
MYB30, ELF6 and REF, 6 etc. Arrows indicate activation and bar-ended lines mean inhibition. Bold lines represent direct protein-protein interactions. 



The Recent Advances in Uncovering the Molecular 
Mechanisms of BR and GA Signaling Crosstalk 

Although previous physiological, transcriptomic and genetic stud- 
ies have provided mounting evidence for a cooperative and inter- 
dependent relationship between BRs and GAs, a direct crosstalk 
between their signaling pathways was not revealed until recently. 
According to Vert and Chory, 1 a direct crosstalk between two sig- 
naling pathways refers to the sharing of common signaling com- 
ponents or direct interactions between components from their 
signaling pathways. For examples, the direct signaling crosstalk 
between BR and auxin signaling was reported to be mediated 
by an interaction between the BR-regulated kinase BIN2 and 
the auxin-regulated transcription factor ARF2. 70 BIN2 directly 
phosphorylates and inactivates ARF2, a repressor of auxin signal- 
ing, thus resulting in increased transcription of auxin-responsive 
genes. 70 In late 2012, studies from three independent research 
groups reported that an interaction between BZR1 and DELLA 
proteins mediates the direct signaling crosstalk between BRs 

This 



and GAs in controlling cell elongation in A, 
breakthrough finding provided a molecular framework for better 
understanding of how BRs and GAs coordinate to control plant 
growth and development. 



mutants and wild type seedlings treated with the GA biosyn- 
thetic inhibitor paclobutrazol (PAC), but GA treatment could not 
restore the hypocotyl elongation of either BR deficient or insensi- 
tive mutants. Therefore, it was concluded that BR signaling is 
required for GA function in promoting hypocotyl elongation. 
This notion was supported by the results of microarray analyses 
that aimed to study the responses to GAs and BRs in dark-grown 
BR- and GA-deficient mutants. 7,8,29 ' 71 In particular, Gallego- 
Bartolome et al. s showed that BR treatment could cause a partial 
or complete reversion of the expression of 40% of genes affected 
by GA deficiency, whereas GA treatment only reversed 16% of 
the genes affected by BR deficiency. This difference reflects a 
hierarchy in BR and GA regulation of gene expression, which is 
consistent with the results from physiological studies. 7 Also, the 
big number of genes affected by both GAs and BRs from these 
studies contrasts the small number of common target genes of 
BRs and GAs identified from an earlier study by Nemhauser et 
al., 68 which might be due to the different experimental conditions 
and/or plant materials used. For example, in Nemhauser et al.'s 
experiment, 68 microarray was performed with BR- or GA-treated 
wild type seedlings grown in the light, whereas the microarray 
experiments of Gallego-Bartolome et al. 8 and Bai et al. 7 were con- 
ducted on BR- or GA-deficient seedlings grown in the dark. This 
difference reflected an impact of light on GA and BR responses. 



BRs Mediate GA Responses in Etiolated Seedlings 

Previous physiological studies have demonstrated that BRs could 
improve the germination of severe GA biosynthetic and insensi- 
tive mutants. 44 In a recent study, Bai et al. 7 also showed that BRs 
could partially recover the growth phenotypes of GA insensitive 



BZR1 Directly Interacts with DELLA Proteins 

Since BRs and GAs control a common transcription module 
through DELLA and BZR1 activities, it is possible that DELLAs 
may directly interact with BZR1. Indeed, interaction studies 
using different in vitro and in vivo approaches, including yeast 
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two-hybrid, pull-down, bimolecular fluorescence complementa- 
tion (BiFC) and co-immunoprecipitation (Co-IP) assays, dem- 
onstrated that BZR1 interacts with RGA, GAI and other DELLA 
members in Arabidopsis. 7 ''' BES1 (also known as BZR2), a close 
homolog of BZR1, also interacts with the DELLA proteins. 7,9 
Detailed protein domain analysis further revealed that the LHR1 
domain of RGA or GAI and the BIN2 phosphorylation domain 
(including the PEST motif) of BZR1 are responsible for their 
interaction. 7 " 9 These results suggested a role of BZR1, BES1 and 
DELLA proteins in mediating BR and GA signaling crosstalk 
and the subsequent functional studies using transcriptional tran- 
sient assays confirmed that a direct interaction between BZR1 
and DELLLAs is required for their antagonistic effects in regu- 
lating transcription of genes important for growth. 7 " 9 

In recent years, DELLA proteins have merged as central regu- 
lators of crosstalk among different signaling pathways 5,31 and our 
new findings of their interaction with BZR1 and BES1 further 
strengthened this notion. BZR1 and BES1, two key transcription 
factors for BR signaling, fulfill their functions by directly con- 
trolling thousands of target genes 29,30 or interacting with other 
transcriptional regulators, such as DELLAs, PIFs, IWS1, BIM1, 
MYB30, ELF6 and REF, 6 etc (Fig. 3)7-^,72-75 ThuS; like DELLA 
proteins, BZR1 and BES1 may also function as integrators of BR 
crosstalk with other signaling pathways. 

DELLAs Negatively Regulate the BR Pathway and 
BZR1 Positively Regulates the GA Pathway 

Pharmacological analyses showed that both bzrl-lD and besl-D 
mutants have reduced sensitivity to the GA biosynthetic inhibi- 
tor PAC 7,9 and the rga gai double knockout mutant has reduced 
sensitivity to the BR biosynthetic inhibitor BRZ, as compared 
with their respective wild types. 9 Consistently, the della pen- 
tuple mutant lacking all the five members of the DELLA fam- 
ily genes showed a considerably enhanced BR response and the 
GA-insensitive mutant gai-1, which accumulates high levels of 
GAI, had reduced BR responses. 7 These data suggest that BZR1 
serves as a positive regulator of the GA pathway and DELLAs 
function as negative regulators of the BR pathway. Further 
genetic studies supported this conclusion. The bzrl-lD mutant 
was able to partially suppress the short hypocotyl phenotypes of 
the GA deficient gal -3 mutant 7 but not of the GA insensitive gai 
mutant. 9 Overexpression of a non-degradable RGA protein in the 
bzrl-lD background also resulted in a dwarf phenotype, 9 imply- 
ing that DELLAs may be epistatic to BZR1 in controlling cell 
elongation. The reason why bzrl-lD could suppress the pheno- 
type of gal -3 but not of the gai mutant is likely because BR treat- 
ment or bzrl-lD mutation could induce the expression of GA 
biosynthetic genes, 9 which will rescue the GA deficient mutant 
phenotypes but not that of the GA-insensitive mutants. 

GAs and BRs Co-Regulate a Large Number of Genes 
through DELLAs and BZR1 

Since BRs and GAs co-regulate a large number of common target 
genes 7,8 and BZR1 directly interacts with DELLA proteins, 7 " 9 it 



is important to examine whether the co-regulation of these com- 
mon target genes was mediated by the BZR1-DELLA interac- 
tion module. It was apparent from the transcriptional transient 
assays that deletions of domains required for BZR1-DELLA 
interaction (LHR1 of RGA or BIN2 phosphorylation domain of 
BZR1, respectively) abolished the antagonistic effect of RGA and 
BZR1. 8,9 Also, the results of microarray studies demonstrated 
that genes affected in the BR-insensitive mutant bril-116 and 
GA-deficient mutant gal-3 overlap significantly. 29,71 Of the 1,194 
genes differentially expressed in gal-3 when compared with the 
wild type, 419 genes (35%) were also affected in the bril-116 
mutant. 7 Among these co-regulated genes, 387 genes (92.3%) 
were affected in the same way by bril-116 and gal-3. For 276 
(71%) of these genes, the effects of bril-116 v/ck reversed by the 
bzrl-lD mutation and the effects of gal-3 were reversed by loss 
of DELLA proteins, 7 suggesting that GAs and BRs exert similar 
effects on a large number of common genes through DELLA and 
BZR1 activities. 7,8 

DELLAs Restrain Plant Growth by Destabilizing and 
Inactivate BZR1 

Since BZR1 and RGA could modulate both BR and GA signaling 
pathways, we hypothesized that BRs may regulate DELLA protein 
accumulation and GAs regulate BZR1 accumulation. However, 
it was shown by three different groups that the accumulation of 
DELLA proteins was not affected by BR treatment nor by muta- 
tions that disrupt BR biosynthesis or signaling (e.g., the BR defi- 
cient mutant det2-l and the BR insensitive mutant bril-116)?''* 
suggesting that unlike GAs, BRs do not induce degradation of 
DELLA proteins. On the other hand, GAs were found to slightly 
induce the dephosphorylation of the BZR1 protein and the GA 
biosynthetic inhibitor PAC worked oppositely. 9 Consitently, trans- 
genic plants with ectopic expression of undegradable DELLAs 
(RGA or GAI lacking the 17-aa DELLA domain) showed a dras- 
tic diminishment of the BZR1 protein. 9 The GA-induced BZR1 
stability is likely mediated by PP2A, a protein phosphatase that 
was shown to dephosphorylate and stabilize BZR1, 26 as block of 
the PP2A function by its inhibitor okadaic acid (OA) abolished 
GA-induced dephosphorylation of BZR1. 9 Thus, it is conceivable 
to believe that DELLA proteins restrain plant growth, at least in 
part, by destabilizing the BZR1 protein. 

In addition to affecting BZR1 stability, DELLA proteins such 
as RGA and GAI preferentially interact with the dephosphory- 
lated BZR1. 7 " 9 Since the dephosphorylated BZR1 is the active 
form of BZR1, its binding with DELLAs may mitigate its tran- 
scriptional activity. Indeed, experiments using electrophoretic 
mobility shift assay (EMS A), protein-DNA pull down assay and 
ChIP analysis all confirmed that RGA conjugation prevented 
BZRl's binding to its target genes, 7,8 and results of transcriptional 
transient assays further demonstrated that DELLAs and BZR1 
attenuate each other's transcriptional activity and target gene 
expression and the antagonizing effect depends on their physical 
interaction. 7 " 9 Thus, DELLAs appear to modulate the output of 
BR signaling pathway, at least in part, by interacting with the 
active form of BZR1 and inhibiting its transcriptional activities. 
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Conclusions and Future Perspectives 

The recent three publications revealed a molecular mechanism 
for the direct crosstalk between the BR and GA signaling path- 
ways, which have considerably advanced our understanding of 
how different signals are integrated and coordinated during 
plant growth and development. The finding that an interaction 
between the two groups of transcription factors (BZR1 family 
members and DELLA proteins) functions as the integration 
point of the BR and GA signaling pathways to coordinate the 
expression of downstream target genes provides a clear molecu- 
lar interpretation for the long-standing question regarding how 
BRs and GAs synergistically regulate plant growth. Despite this 
striking progress that has been made, many important ques- 
tions remain to be answered. For example, how GAs induce 
BZR1 dephosphorylation and how DELLAs cause BZR1 desta- 
bilization is yet unclear. Although the work of Li et al. s sug- 
gested a role of the phosphatase PP2A in these processes, the 
GA-induced BZR1 dephosphorylation is relatively subtle com- 
pared with that induced by BRs and the DELLA-induced PP2A 
destabilization was only examined by pharmacological treat- 
ments with PAC; no in vivo detection of PP2A abundance or 
activity was performed. In addition, the possibility for whether 
DELLA proteins mediate BZR1 degradation by interacting 
with a BZRl-specific ubiquitin E3 ligase has not been tested 
and this awaits the identification of the E3 ligase. Second, since 



any components in a signaling pathway may have their spatial 
and temporal expression patterns, it is necessary to explore how 
the crosstalk between the BR and GA signaling pathways is spa- 
tially and temporally regulated. As such, the effects of crosstalk 
could be depicted as dynamic outputs instead of "snapshots" of 
static phenotypes. Third, the recent three papers only reported 
the interaction between DELLAs and BZR1 in controlling cell 
elongation. Given the central roles of DELLA proteins in inte- 
grating different signaling pathways, 73,76 " 82 it is of highly inter- 
est to explore whether DELLAs interact with BZR1 to regulate 
other physiological or developmental processes. Finally, whether 
other protein components are involved in the crosstalk between 
GA and BR signaling pathways is also an important question to 
answer. 
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